The response to reactive electrophile species (RES) is now considered as part of the plant response to pathogen and insect attacks. Thanks to a previously established high-performance liquid chromatography tandem mass spectrometry methodology, we have investigated the production of oxylipin RES adducts to glutathione (GSH) during the hypersensitive response (HR) of plants. We have observed that RES conjugation to GSH in tobacco (Nicotiana tabacum) leaves is facile and nonspecific. In cryptogein-elicited tobacco leaves, we show that the oxylipin RES adducts to GSH are produced in correlation with GSH consumption, increase in glutathione S-transferase activity, and the appearance of the cell death symptoms. In this model, the adducts arise mainly from the downstream 13 lipoxygenase (LOX) metabolism, although the induced 9 LOX pathway leads massively to the accumulation of upstream metabolites. The main adducts were obtained from 2-hexenal and 12-oxophytodienoic acid. They accumulate transiently as 1-hexanol-3-GSH, a reduced adduct, and 12-oxo-phytodienoic acid-GSH, respectively. RES conjugation does not initiate cell death but explains part of the GSH depletion that accompanies HR cell death. The nature of these GSH conjugates shows the key role played by the 13 LOX pathway in RES signaling in the tobacco HR.
The response to reactive electrophile species (RES) is now considered as part of the plant response to pathogen and insect attacks. Thanks to a previously established high-performance liquid chromatography tandem mass spectrometry methodology, we have investigated the production of oxylipin RES adducts to glutathione (GSH) during the hypersensitive response (HR) of plants. We have observed that RES conjugation to GSH in tobacco (Nicotiana tabacum) leaves is facile and nonspecific. In cryptogein-elicited tobacco leaves, we show that the oxylipin RES adducts to GSH are produced in correlation with GSH consumption, increase in glutathione S-transferase activity, and the appearance of the cell death symptoms. In this model, the adducts arise mainly from the downstream 13 lipoxygenase (LOX) metabolism, although the induced 9 LOX pathway leads massively to the accumulation of upstream metabolites. The main adducts were obtained from 2-hexenal and 12-oxophytodienoic acid. They accumulate transiently as 1-hexanol-3-GSH, a reduced adduct, and 12-oxo-phytodienoic acid-GSH, respectively. RES conjugation does not initiate cell death but explains part of the GSH depletion that accompanies HR cell death. The nature of these GSH conjugates shows the key role played by the 13 LOX pathway in RES signaling in the tobacco HR.
In plants, the production of lipid oxidation compounds, known as oxylipins, is activated in response to various stress conditions including wounding and insect and pathogen attacks (Blée, 2002; Howe and Schilmiller, 2002; Weber, 2002; Farmer et al., 2003) . The incorporation of molecular oxygen into membrane polyunsaturated fatty acids (PUFAs) is at the origin of the oxylipin pathways leading to a wide array of bioactive metabolites, most of them being involved in signaling (Feussner and Wasternack, 2002) . On the one hand, enzymes such as lipoxygenases (LOXs; Feussner and Wasternack, 2002 ) and a-dioxygenases (Hamberg et al., 2005) are involved in the initial steps of the lipid peroxidation. The metabolic routes for lipid hydroperoxide catabolism are then diverging and are numerous (Blée, 2002; Feussner and Wasternack, 2002; Howe and Schilmiller, 2002; Weber, 2002; Farmer et al., 2003) . Using genetic approaches, complex signaling pathways were unraveled, as demonstrated for example for the jasmonate (JA)/oxo-phytodienoic acid (OPDA) pathway (Stintzi et al., 2001 ). On the other hand, it has now been demonstrated that free radicalmediated lipid peroxidation by reactive oxygen species (ROS) is also at the origin of bioactive oxylipins (Mueller, 2004) . Independently from their origin, the biochemical data led to distinguish two classes of bioactive oxylipins, according to their electrophile chemical reactivity. JA, mono-, di-, and tri-hydroxy fatty acids, as well as D 1 -, E 1 -, and F 1 -phytoprostanes, for example, belong to the class of the nonreactive compounds (Mueller, 2004) . Their biological activity can be ascribed to the activation of putative receptors that have not yet been described in plants, preceded (or not) by an enzymatic modification, as observed for the obligatory conjugation of JA with Ile (Staswick and Tiryaki, 2004) . The other class of metabolites is constituted by the electrophile compounds that can bind spontaneously to cellular nucleophiles, including thiol and amino groups of peptides and proteins. The common structures characterizing these reactive electrophile species (RES) are described in Figure 1 , together with one example of a Michaël-type reaction with the most abundant cellular thiol, glutathione (GSH). Oxylipin RES include, in a first group, compounds arising from modifications of the hydroperoxide function and having retained the full fatty acid moiety. Among these compounds, many oxylipins are produced enzymatically (Feussner and Wasternack, 2002) , such as conjugated keto fatty acids, epoxy fatty acids, ketols, and OPDA; others are obtained by ROS action (Mueller, 2004) , such as cyclopentenone phytoprostanes. A second group of RES compounds is issued from the cleavage of the hydroperoxide fatty acid backbone, leading enzymatically (Feussner and Wasternack, 2002) to products such as nonenal and hexenal, at the origin of green leaves volatiles (GLVs), and by the action of ROS to products such as malondialdehyde (Weber et al., 2004 ) and 4-hydroxy-nonenal (4-HNE; Schneider et al., 2001) .
The fate of this wide array of RES in cells is, at least partly, linked to the RES conjugation with thiolcontaining biomolecules such as GSH. In animals, various RES, including cyclopentenone prostaglandines and phenyl propanoids issued from plants, are known to add in vivo to GSH (Hayes and McLellan, 1999; Dinkova-Kostova, 2002 ) and proteins and to activate cellular responses. Indeed, whereas at high doses RES can be carcinogens, at lower doses they are able to induce the protective anticarcinogenic enzymes of the phase 2 (Dinkova- Kostova, 2002; Itoh et al., 2004; Xu et al., 2005) . Some RES conjugates to GSH issued from the arachidonate pathway, such as leucotriene C 4 and 5-oxo-7glutathionyl-8,11,14-eicosatrienoic acid, were shown to be biologically active compounds (Bowers et al., 2000) . In addition, many proteins can be regulated by covalent conjugation to RES, including transcription factors such as NFk-B (Cernuda-Morollon et al., 2001 ), c-Jun (Perez-Sala et al., 2003 , Nrf2-Keap1 (Itoh et al., 2004; Levonen et al., 2004) , and PPARg (Shiraki et al., 2005) .
In plants, the application of RES to leaf tissue was also shown to lead to the induction of GSTs and to a plethora of defense responses (Vollenweider et al., 2000; Weber, 2002; Almeras et al., 2003; Farmer et al., 2003; Weber et al., 2004) . The data issued from the transcriptomic analyses indicate that the RES response can be considered as part of the plant response to insect and pathogen attacks . At high doses, a rapid cell death has also been reported (Vollenweider et al., 2000; Davoine et al., 2005) . We have shown in addition that, under these conditions, oxylipin RES adducts to GSH are produced readily in conjunction with GSH consumption (Davoine et al., 2005) . However, oxylipin RES addition to GSH or to proteins under physiological conditions has not yet been reported.
In plant-pathogen interactions, a major source of resistance is related to the development of the hypersensitive response (HR), characterized by the induction of a rapid programmed cell death at the site of infection (Heath, 2000; Greenberg and Yao, 2004) . During the course of our studies, we have initially investigated the oxylipin metabolism in cryptogeinelicited tobacco (Nicotiana tabacum) leaves, taken as a model of HR (Rustérucci et al., 1999) . We have shown that a massive production of 9 LOX metabolites is occurring, in parallel with cell death, involving the induction of transcripts and activities of both galactolipases and 9 LOX and leading to the massive consumption of chloroplastic PUFAs (Rustérucci et al., 1999; Cacas et al., 2005) . With the production of JA, the 13 LOX metabolism was also demonstrated as being early involved in tobacco leaves infected with an avirulent strain of Pseudomonas syringae pv phaseolicola (Kenton et al., 1999) . Indeed, both 9 LOX and 13 LOX processes appear to be involved during avirulent pathogen-plant interactions (Blée, 2002; Gobel et al., 2003) . In the cryptogein-elicited tobacco model, we additionally showed that the 9 LOX metabolism is exacerbated when the leaves are incubated in the dark (Montillet et al., 2005) . Under these conditions, the profiling of the upstream oxylipins (Montillet et al., 2004) indicates that the ratio of product accumulation issued from the 9 LOX-, 13 LOX-, and ROS-mediated lipid peroxidation is 5:1:0.8, respectively (Montillet et al., 2005) . Thus, this model appears perfectly suited to investigate the fate of free fatty acid hydroperoxides and derived RES in HR cell death.
We have established in previous experiments that the infiltration at high doses (5 mM) of the upstream oxylipin RES, 13 and 9 keto octadecadien(trien)oic acids [KOD(Tr)E] in healthy tobacco leaves induced tissue necrosis and afforded the expected keto adducts to GSH (Davoine et al., 2005) . Quantification of the latter compounds was based on HPLC coupled with tandem mass spectrometry (HPLC-MS 2 ) techniques, taking advantage of the loss of a glutamyl moiety from the pseudo molecular ion upon collision-induced fragmentation. The analysis was also extended to other oxylipin RES adducts to GSH. Thanks to this established methodology, we have investigated in this work the production of oxylipin RES adducts to GSH during the development of cryptogein-induced HR of tobacco leaves. Interestingly, our data show that, although the 9 LOX oxylipin metabolism is highly activated, the major oxylipin-GSH adducts are arising from products of the downstream 13 LOX metabolism. The results indicate that the 9 LOX oxylipin pathway does not produce massively oxylipin RES, which could have been involved in HR cell death, and reveal the role of the 13 LOX pathway at the origin of oxylipin RES involved in signaling.
RESULTS

Nonspecific Conjugation of Oxylipin RES to GSH
Infiltration of tobacco leaves with KOD(Tr)E (5 mM) led to cell death after 6 h of incubation and to the corresponding GSH adduct production accompanied by GSH depletion (Davoine et al., 2005) . Under the same conditions, the infiltration of the two naturally occurring oxylipin alkenals, trans-2-hexenal and trans-2-nonenal, did not lead to the development of the necrotic symptoms. Analysis of the water-soluble compounds demonstrated a decrease in GSH level (approximately 60%; Table I ) similar to that observed upon infiltration of KOD(Tr)E (Davoine et al., 2005) . In addition, unambiguous evidence was obtained for production of GSH adducts, characterized by HPLC-MS 2 and quantified in the multiple reaction monitoring (MRM) mode. Surprisingly, in planta, the GSH adducts to both 2-hexenal and 2-nonenal were obtained as their corresponding alcohols, 1-hexanol-3-GSH ( Fig. 2 ) and 1-nonanol-3-GSH, respectively (Table  I) . These results indicated a carbonyl group reducing activity, likely to be mediated by an alcohol dehydrogenase (ADH), which is not operating on keto fatty acids and other long chain oxylipin RES (Davoine et al., 2005) . It should be emphasized that the reduction occurs on the adducts. Indeed, the hydroxyl derivatives resulting from the reduction of the aldehydes are far less reactive and cannot undergo the favored 1,4 Michaël addition of a,b-unsaturated aldehydes. In noninfiltrated leaves, GSH conjugates were not observed, whereas in mock-infiltrated leaves some specific conjugates were produced at very low levels (data not shown), including 1-hexanol-3-GSH, indicating a wounding signature. In a second series of experiments, two non-naturally occurring RES, methyl vinyl ketone (MVK) and acrolein, were applied as volatile compounds. After 15 h of incubation, the adducts were detected as their reduced derivatives 2-butanol-4-GSH and 1-propanol-3-GSH, respectively (Table I) . For each tested compound, an approximately 35% decrease in GSH content was observed but was not correlated to a necrosis development. These results show that the conjugation of RES to GSH in planta is nonspecific, occurring whatever the structure of the RES. The process inducing cell death is, on the contrary, dependent on the nature of the RES and occurs at least with long chain fatty acid RES (Davoine et al., 2005) .
Oxylipin-GSH Adducts in the Cryptogein-Induced HR
To investigate whether GSH adducts could be generated during the HR, cryptogein-elicited leaves were incubated for 36 h for a full necrosis development and the soluble extracts were analyzed by HPLC-MS 2 . We first used the neutral loss mode, which allows the detection of all compounds losing a glutamyl moiety (2129 D) characteristic of the adducts to GSH (Davoine et al., 2005) . The typical chromatogram, described in Figure 3A , is expected to show all the soluble adducts to GSH. Accordingly, GSH (peak 4) and oxidized GSH (GSSG; peak 2) were characterized together with 1-hexanol-3-GSH adduct (peak 6). A series of other peaks could be observed that corresponds to GSH adducts produced in lesser amounts. In extracts from control leaves, only the presence of GSH and GSSG could be observed. These results showed that the GSH adducts in elicited leaves are complex mixtures.
Well-defined oxylipin adducts to GSH were more specifically searched and quantified during the time course of HR development by specific MRM analyses. Searching for upstream oxylipin metabolites, we examined at first the 600/471 transition corresponding to KOTrE-GSH and isobaric compounds (Fig. 3B) . We have determined that 9-and 13-KOTrE-GSH were very Table I . Aspecific production of RES-GSH adducts and reduction of adducts of low molecular weight in tobacco leaves Leaves were either treated by the volatile acrolein or MVK or infiltrated by 2-hexenal or 2-nonenal, as indicated in ''Materials and Methods.'' RES-GSH adducts were analyzed by electrospray ionization HPLC-MS 2 . For each compound, the m/z transition corresponding to the RES-GSH adduct analyzed is indicated. The decrease in the total GSH content and the relative adduct levels are provided. It is noteworthy that contrary to the leaf infiltration of high molecular weight oxylipins for which the GSH adducts were obtained as expected (Davoine et al., 2005) , the corresponding low molecular weight adducts are produced as reduced compounds. Results are expressed as mean 6 SD of two to three experiments. [DW] at 36 h, respectively) as compared to 12-oxo-phytodienoic acid (12-OPDA)-GSH (2-3 nmol g 21 DW) and to another nonidentified product. Definitive identification of 12-OPDA-GSH was inferred from coelution with authentic standards under HPLC conditions allowing separation of two diastereoisomeric forms (data not shown). The time-course evolution of the levels of 12-OPDA-GSH and of the estimated cumulated levels of the other compounds is provided in Figure 4 , A and B, respectively. The kinetics of accumulation are similar, biphasic, and peak 24 h postinoculation. Searching for KODE-GSH adducts and isobaric compounds, we examined the 602/473 transitions. Three compounds satisfied the MS criteria but could not be identified as KODE adducts on the basis of their retention times (Davoine et al., 2005) . In addition, these isobaric compounds to KODE-GSH (mass-to-charge ratio [m/z] 602) could not be reduced by NaBH 4 . Such results indicated that they might be hydroxy compounds, as observed for alkenal adducts. We showed that they did not arise from the reduction of KOTrE-GSH adducts by preparing the corresponding hydroxy adducts via NaBH 4 reduction. The estimated cumulated amounts of these compounds reached 10.8 nmol g 21 DW, 24 h postinoculation (Fig. 4B) . We have searched additionally for the following specific transitions: m/z 616/487 and 618/489 corresponding to keto-epoxy-octadecadien (trien)oic acid adducts and their respective structural isomers (Davoine et al., 2005) . Two and three compounds fulfill the MS criteria, respectively, but we were not able to assign their structure to a known oxylipin adduct. The GSH adducts with the 616/487 transition are faintly observed while, during the time-course evolution, the estimated cumulated amounts for the 618/489 transitions peaked at 2.2 nmol g 21 DW (Fig. 4B) . The main adduct in cryptogein-elicited leaves was 1-hexanol-3-GSH, characterized by the m/z 408/279 transition and its retention time (Fig. 3C) . A full MS 2 fragmentation spectrum could be recorded and was found to be identical to that of the reduced GSH adduct obtained upon incubation with hexenal (Fig. 2) . This compound accumulated up to a concentration of 71.5 nmol g 21 DW between 30 and 36 h, and Figure 3 . HPLC-MS 2 chromatograms of oxylipin RES adducts to GSH from cryptogein-elicited tobacco leaves. Analysis of water-soluble extracts from cryptogein-elicited leaves after 36 h of incubation. A, Mass spectrometry analysis in the neutral loss mode (corresponding to the glutamyl moiety loss; 2129 D); peak 2 corresponds to GSSG, peak 4 to GSH, and peak 6 to 1-hexanol-3-GSH; the other peaks correspond to compounds undergoing loss of 129 mass units upon collisioninduced fragmentation and likely to be other nonidentified GSH adducts. B, Mass spectrometry analysis in the MRM mode of KOTrE-GSH and isobaric GSH adducts, including 12-OPDA-GSH (m/z 600/471). C, Mass spectrometry analysis by the MRM mode of 1-hexanol-3-GSH (m/z 408/279).
Figure 2. MS analysis of 1-hexanol-3-GSH. A, Positive ion MS
2 analysis after reversed phase HPLC separation of 1-hexanol-3-GSH prepared nonenzymatically by incubation of 2-hexenal with GSH followed by reduction with NaBH 4 , as described in ''Materials and Methods.'' B, Analysis of the main fragmentations; a special attention will be given to the neutral loss of the glutamyl moiety (2129 D), which is used to investigate the adducts to GSH (see Fig. 3A ; Davoine et al., 2005) . this level decreased thereafter (Fig. 5A) . Analysis of the 450/381 transition showed that 2-nonenol-GSH adduct is produced at a low level that peaked at 30 h (maximum accumulation, 0.29 nmol g 21 DW) and then decreased (Fig. 5B) . Finally, we quantified the GSH adduct to 4-HNE characterized by the specific transitions m/z 464/308, 464/233, and 464/179 (Völkel et al., 2005) . Contrary to the time-course accumulation of the previous compounds that all peaked and decreased in the late stage of HR development, increase in the level of this adduct was continuous after 18 to 24 h, reaching 22 nmol g 21 DW after 48 h of incubation (Fig. 5C ).
GSH Consumption and Induction of GST in Cryptogein-Induced HR
We then investigated the changes in GSH levels to correlate them with the production of adducts. In the cryptogein-elicited leaves, we have observed an important consumption of the total GSH content (reduced and bounded GSH as disulfide; see Fig. 6A ), which starts with the appearance of the necrotic HR symptoms and the production of oxylipin adducts to GSH, such as 12-OPDA-GSH (Fig. 4A) . However, the accumulation of adducts is transient (Fig. 5A ), and at their maximum the oxylipin adducts represented only 6% of total GSH consumption.
At physiological pH, conjugation of RES to GSH can occur spontaneously but is enhanced through GST catalysis (Coleman et al., 1997; Dinkova-Kostova, 2002 ). Different classes of GSTs are able to detoxify a wide spectrum of xenobiotic and endobiotic compounds by conjugation to GSH (Dixon et al., 2002) . We have investigated in this context the accumulation of transcripts of tobacco genes from two classes of specific plant GSTs, gst tau and phi, both being known for their inducibility by biotic and abiotic stresses (Dixon et al., 2002) . Our results show that both transcripts are induced 12 h postinoculation with the onset of the symptoms and peaked at 18 h (Fig. 6B) . The transcript accumulation is accompanied by the increase of GST activity, as evaluated by the 1-chloro-2,4-dinitrobenzene (CDNB) assay (Fig. 6C) . The increase in activity occurred with a delay of 12 h, as compared to the transcript induction, and peaked at 42 h postinoculation. Since 12-OPDA-GSH was observed earlier during the tobacco HR, as soon as 18 h postinoculation (Fig. 3A) , these results indicate that the oxylipin conjugation to GSH could occur spontaneously, at least initially, and then could also be enhanced thanks to GST catalysis.
DISCUSSION
We have noticed from this and our previous data (Davoine et al., 2005) that RES conjugation to GSH is facile and, similarly to mammalian cells (Levonen et al., 2004; Shiraki et al., 2005) , appears as a nonspecific process. Obviously, the identification of particular RES adducts under physiological conditions should be considered as an evidence for the specific production of the corresponding RES. We show that specific oxylipin RES conjugates to GSH accumulate in tobacco tissues developing the HR. Taking advantage of the HPLC-MS 2 techniques, we have observed that, in cryptogein-elicited tobacco leaves: (1) upstream oxylipin-GSH adducts, such as keto adducts, are minor; (2) many other compounds, including adducts to oxylipins having incorporated a second oxygen atom (m/z 616 and 618), are generated at low levels; (3) 1-hexanol-3-GSH, the most abundant adduct (71.5 nmol g 21 DW), accumulates transiently together with 12-OPDA-GSH at levels compatible with signaling, both being issued from the 13 LOX pathway; (4) 4-HNE-GSH, a marker of ROS production, accumulates in the late phase of HR; and (5) the synthesis of the adducts is associated with the decrease in total GSH levels and the appearance of the necrotic symptoms.
In response to avirulent plant pathogens, the activation of both 9 and 13 LOX pathways is now a wellestablished process, involved in signaling and in HR cell death execution. Both processes are accompanied by ROS-mediated lipid peroxidation of membranes (Cacas et al., 2005) . In cryptogein-elicited leaves, the PUFAs of chloroplastic membranes are massively consumed (Rustérucci et al., 1999) , and, after 30 h of incubation in the dark, the upstream oxylipin assay (Montillet et al., 2004) shows that the 9 and 13 LOX metabolites accumulate at approximately 2,500 and approximately 500 nmol g 21 DW, respectively, whereas the ROS-dependent lipid hydroperoxides at approximately 400 nmol g 21 DW (Montillet et al., 2005) . Interestingly, in this model, the major oxylipin RES adducts to GSH are issued from the 13 LOX pathway, whereas the corresponding RES adducts from the 9 LOX pathway are observed only at trace levels. The accumulation of 12-OPDA-GSH provides the first strong support for the role played by the 13 LOX pathway in the production of oxylipin RES. This proposal is strengthened by the observation of the accumulation of 1-hexanol-3-GSH. The formation of this compound can be explained by the presence of a hydroperoxide lyase (HPL) activity (Hong et al., 2004) that cleaves the 13 hydroperoxide of the 18:3 fatty acid into cis-3-hexenal, which after isomerization into trans-2-hexenal (Feussner and Wasternack, 2002) adds to GSH. The reduction of the adduct leads finally to the production of 1-hexanol-3-GSH. Comparatively, 1-nonanol-3-GSH, which is issued similarly from the production of 2-nonenal via HPL-catalyzed cleavage of the 9 hydroperoxide of the 18:2 fatty acid, accumulates at much lower levels. Taking into account the respective levels of 18:3 to 18:2 (approximately 4:1) and of 13 to 9 LOX metabolites (approximately 1:5) in the elicited leaves (Rustérucci et al., 1999; Montillet et al., 2005) , it can be anticipated that the 13 hydroperoxide of the 18:3 and the 9 hydroperoxide of the 18:2 accumulate at comparable levels. The observation of a 250:1 ratio of the 1-hexanol-3-GSH to 1-nonanol-3-GSH levels (Fig. 5, A and B ), which likely reflects the level of aldehydes because the GSH conjugation reaction is not specific, strongly indicates that the tobacco HPL activity is highly 13 specific. Accordingly, a 13 HPL enzymatic activity was described in tomato (Lycopersicon esculentum) that does not operate on the 9 hydroperoxides; exhibits a strong preference for the 13 hydroperoxide of 18:3 fatty acid, as compared to 18:2; and leads to the specific production of 2-hexenal (Howe et al., 2000) . The accumulation of the 1-hexanol-3-GSH adduct could be explained by a similar specificity of the tobacco HPL. In accordance with this hypothesis, 3-hexenol and 3-hexenyl acetate were identified as the main GLVs produced by cryptogeinelicited leaves (data not shown). We have also noticed differences in the kinetics of accumulation of 12-OPDA-GSH and 1-hexanol-3-GSH, the former peaking before the latter. Recent genetic evidences were provided in tobacco showing that the fatty acid hydroperoxide substrates required for the biosynthesis of JA and GLVs are supplied by separate 13 LOXs (Halitschke et al., 2004) . Thus, our data are in the direct line of such observations. In addition to this, the 9-and 13-KOTrE-GSH adducts were observed only at trace levels, indicating that the tobacco LOXs are not very efficient in the transformation of fatty acid hydroperoxides into keto fatty acids, as generally proposed (Feussner and Wasternack, 2002) . Finally, among the RES adducts accumulating within ranges of 10 to 20 nmol g 21 DW, we have also identified 4-HNE-GSH, confirming that many processes can be at the origin of RES. Indeed, 4-HNE is the result of the double peroxidation of 18:2 fatty acid at the 9 and 13 positions, by both action of LOXs and ROS (Schneider et al., 2001 ). Such a production shows that ROS can also be, together with LOXs, at the origin of oxylipin RES (Mueller, 2004) . Compared to the other adducts, the accumulation of 4-HNE-GSH appears delayed, indicating a significant degradation of membrane fatty acids in the late phase of HR development.
Considering the fate of fatty acid hydroperoxides during the tobacco leaf HR, we suggest, as outlined in Figure 7 , that on the one hand, the upstream products of the 9 LOX metabolism accumulate massively and could lead to plant cell death but through mechanisms that are not involving their massive transformation into oxylipin RES followed by their addition to GSH. For example, a direct covalent modification of protein residues by lipid hydroperoxide can be proposed among the possible mechanisms explaining their action (Kawai et al., 2004) . On the other hand, the 13 LOX metabolism produces endogenous downstream RES, such as 12-OPDA and 2-hexenal, playing both a role in signaling (Bate and Rothstein, 1998; Stintzi et al., 2001; Howe and Schilmiller, 2002; Farmer et al., 2003) and accumulating as 12-OPDA-GSH and as 1-hexanol-3-GSH, respectively. Consistent with their role in signaling, it is noteworthy that, in the tobacco HR, the level of JA (Kenton et al., 1999) is very similar to the accumulation level of these compounds. In addition, it was proposed that part of the transcription response induced by 12-OPDA is related to its electrophilic properties (Stintzi et al., 2001 ). Thus, our results confirm this assumption and strongly indicate that 2-hexenal is also acting in signaling similarly. Whether the observed tobacco 13 specificity in the downstream RES production and leading to GSH adducts during HR can be extended to other species is an open question.
In vivo RES conjugation to GSH may occur both spontaneously and through GST catalysis (Coleman et al., 1997; Dinkova-Kostova, 2002) . GSTs are known to be induced by electrophile herbicides (Coleman et al., 1997) and also by oxylipin RES (Vollenweider Figure 7 . LOX pathways in the tobacco HR. Hypothetical scheme depicting the role of oxylipin RES produced during cryptogein-induced tobacco leaf HR: (1) the production of the fatty acid 9-hydroperoxides is at the origin of cell death processes (Rustérucci et al., 1999; Cacas et al., 2005) that do not include massive production of 9-specific oxylipin RES and conjugation to GSH; and (2) the 13 LOX pathway produces downstream oxylipin RES involved in the signaling of the response (Stintzi et al., 2001; Farmer et al., 2003) . These oxylipin RES may add to GSH, change the redox balance, and add to proteins including putative transcription factors. et al., 2000) . In the cryptogein-elicited tobacco leaves, we have observed both an accumulation of transcripts of two GST classes and an increase of total GST activity. However, such accumulations are delayed as compared to the production of oxylipin RES adducts. Thus, our result indicates that the conjugation reaction might occur, at least initially, spontaneously and then with the help of GST activity. In mammals, the inactivation of RES by conjugation to GSH is followed by an efficient metabolization either by reduction/oxidation of the RES moiety or by hydrolysis of the tripeptide part, both leading to the production of urinary-excreted metabolites (Alary et al., 2003) . In plants, an efficient metabolism could explain, at least in part, the lower concentration of oxylipin adducts that we observed, with respect to GSH depletion. Interestingly, in the elicited leaves, some of the downstream oxylipin RES adducts accumulated as reduced compounds, indicating an ADH activity. Although cells are kept under a strong oxidative stress, such an activity is apparently operating efficiently, consuming thus reduced cofactors. Moreover, upon leaf treatment with 2-hexenal, 2-nonenal, MVK, and acrolein, the corresponding reduced GSH adducts were observed (Table I) , whereas infiltration of KOD(Tr)E gave the nonreduced adducts (Davoine et al., 2005) . Furthermore, 12-OPDA-GSH (a keto compound) was identified in cryptogein-elicited leaves, and, as a matter of proof, NaBH 4 reduction of extracts from keto fatty acid-infiltrated leaves afforded the expected alcohols (data not shown). We can thus suggest that the ADH activity involved in the metabolization of the adducts is operating only on short chain GSH adducts.
In plant tissues, GSH is regarded as a determinant of cellular redox homeostasis (Meyer and Hell, 2005; Mullineaux and Rausch, 2005; Ogawa, 2005) . For example, the systemic response to pathogen attack is accompanied by GSH level increase and changes in the redox state, concomitant with defense gene expression (Fodor et al., 1997; Mou et al., 2003) . In cryptogeinelicited tobacco leaves, the incubation in the light leads to the inhibition of the HR symptoms (Cacas et al., 2005) and to a similar GSH level increase (data not shown). Conversely, in the dark, we have observed an irreversible decrease of GSH levels, which is correlated with the development of HR cell death. The transient accumulation of oxylipin RES explains only in part such an irreversible decrease (6% at its maximum). Besides, the phenolic metabolism (La Camera et al., 2004) can also contribute similarly to RES production and GSH depletion. In addition, since keto fatty acids applied massively (5 mM) led to leaf tissue necrosis associated with 60% to 70% of GSH consumption, we have earlier hypothesized that the decrease of GSH level might be a factor involved in cell death (Davoine et al., 2005) . In this work, we have noticed that the same level of 2-hexenal or 2-nonenal infiltration led to a similar decrease of GSH level but was not accompanied by cell death (Table I) . Thus, these data taken together demonstrate that GSH depletion cannot be considered as determinant or an initiation factor leading to cell death, but should only be considered as one of the many events accompanying HR cell death.
In summary, we have observed that the conjugation of oxylipin RES to GSH occurs in parallel with HR cell death in tobacco leaves. The conjugation process is not specific but involves RES issued mainly from the 13 LOX metabolism. The main oxylipin RES identified in this work are not toxic to the cells and, obviously, their conjugation to GSH cannot be considered as a detoxification mechanism as it is for xenobiotics (Coleman et al., 1997) . In accordance with previous results on gene expression (Stintzi et al., 2001; Farmer et al., 2003) , we suggest that the production of oxylipin RES, and probably of other endobiotic RES, is involved in plant defense signaling via conjugation processes through three nonexclusive mechanisms (Fig. 7) . First, it can be proposed that RES conjugates to GSH play a direct role in signaling. Second, RES conjugation participates to some extent to the alteration of pools of cellular reductant thiols and thus to the changes of the cellular redox balance involved in the regulation of plant defense responses (Meyer and Hell; 2005; Mullineaux and Rausch, 2005; Ogawa, 2005) . Finally, the production of GSH adducts can be considered only as a part of the conjugation reactions that occur with thiols from proteins (Levonen et al., 2004) and with other cellular nucleophiles. More specifically, and as in mammalian cells, RES conjugation to putative transcription factors could be involved in the control of plant defense-related gene expression.
MATERIALS AND METHODS
Plant Growth and Treatments
Tobacco (Nicotiana tabacum) var. Petit Havana plants were grown for 8 to 9 weeks in greenhouses at 80 mmol m 22 s 21 light radiance with 14/10-h and 25°C/20°C day/night cycles and 70% relative humidity. Excised leaves were treated by the petiole with 10 mL of cryptogein (0.2 mg mL 21 ) and incubated in the dark as previously described (Rustérucci et al., 1999) . Chemicals (5 mM) in 0.5% Tween 80 were infiltrated between secondary leaf veins, applying the syringe tip to epidermis of leaves, and incubation was carried out for 6 h in the dark prior to analysis. For treatments with MVK and acrolein, the volatile compounds (10 mmol) were applied to cotton wicks and placed in sealed glass chambers (23.5 L) with the leaves for 15 h in the dark.
Preparation of GSH Adducts of Keto and Aldehyde RES
GSH adducts [KOD(Tr)E, 2-nonenal, and 2-hexenal] were synthesized as described previously (Davoine et al., 2005) . The reaction mixture (5 mL) consisted of 5 mM GSH and 0.5 mM of RES in 20 mM borate buffer, pH 10. To prepare the corresponding alcohols, the reaction mixture was reduced by NaBH 4 (Rustérucci et al., 1999) prior to HCl neutralization and extraction.
Determination of GSH and GSH Adduct Levels
Extractions from plant tissue and analyses were described previously (Davoine et al., 2005) . Total GSH levels were determined by HPLC analysis after derivatization with monobromobimane. Both qualitative and quantitative analyses of GSH adducts were performed by HPLC associated with a triple quadrupolar API 3000 mass spectrometer (Perkin Elmer-Sciex). All analyses were performed by positive electrospray ionization HPLC-MS 2 and quantifications according to the MRM mode. spectrometer was calibrated by injecting a solution of synthetic 9-KODE-GSH of known concentration. Levels of unknown oxylipin RES-GSH adducts were evaluated assuming a comparative response with the known isobaric compounds (Davoine et al., 2005) .
Relative Reverse Transcription-PCR
Total RNA was extracted from cryptogein-elicited leaves using TRIzol reagent according to the manufacturer's instructions (Invitrogen Life Technologies, SARL). After a DNase treatment (Invitrogen Life Technologies), RNA (1 mg) was reverse transcribed using the first-strand cDNA synthesis kit (Amersham Biosciences) with oligo(dT) 18 as the primer. Then, the expression study of each of the GST genes, corresponding to classes Phi and Tau and named gst phi and gst tau, respectively, was carried out using the specific primers 5#-GGC GAT CAA AGT CCA TGG TAG CCC-3# (sense) and 5#-CCA ATC CCT TAA CCC AAG CTG GCC-3# (antisense) for gst phi, and 5#-TTC AGT GGG CTC TAA AGA TAA GGG CG-3# (sense) and 5#-GGC TGC AGT TAA TGT ACT CAT CTC-3# (antisense) for gst tau. These primers were designed from conserved and specific domains of a number of aligned GSTs sequences of the classes Phi and Tau, respectively, and thanks to the ClustalW program (http://www.infobiogen.fr). Relative reverse transcription (RT)-PCR was performed by coamplifying the gene of interest (gst phi, gst tau) with a housekeeping gene corresponding to gapdh (glyceraldehyde-3-P dehydrogenase) as internal control. The corresponding fragment of gapdh was amplified using degenerate primers (Winge et al., 1997) . The PCR was performed according to the manufacturer's instruction (Sigma-Aldrich Chimie SARL) in a final volume (25 mL) containing 0.2 units of Taq polymerase, 200 nM of each primer, 200 mM of each dNTP, and 5 mL of DNA (diluted 50-fold). Amplification was performed for 37 cycles: one cycle at 95°C for 10 min, 35 cycles at 95°C for 30 s, 50°C for 30 s, 72°C for 70 s, and one cycle at 72°C for 10 min. Amplified products were then separated on gel (1.5% agarose in 0.53 Tris-Borate-EDTA buffer) stained with ethidium bromide. The fluorescence signals were integrated with the Scion Imaging Software (http://www.scioncorp.com).
GST Activity
For quantification of GST activity, frozen leaves were ground in mortar and pestle and extracted in 50 mM potassium phosphate, pH 7.2, buffer containing 2 mM dithiothreitol, 0.01% Triton 100-X, 1 mM EDTA, and 8% polyvinylpolypyrrolidone. After filtration on Miracloth and centrifugation (23,220g, 30 min at 4°C), the supernatant was used for the GST assay. The assay was performed according to Habig et al. (1974) in a final volume of 1 mL containing 100 mL of extract, 100 mL GSH (10 mM), 10 mL CDNB (100 mM in ethanol), and 790 mL potassium phosphate buffer (50 mM, pH 7.2). The reaction was followed during 10 min at 340 nm. Controls without GSH and CDNB, respectively, were realized to determine the specific GST activity. For each sample, the amount of soluble proteins was determined according to the method of Bradford (1976) using bovine serum albumin as standard. The enzyme activity was expressed in pkat mg 21 of proteins. A molar extinction coefficient of 9.6 mM 21 cm 21 for CDNB was used for the calculations.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers gij1170088, gij232202, gij416649, and gij416651.
